Abstract. This is the reply given at the conference "Mach's Principle" at Tübingen in July 1993 to the paper by Isenberg (1993a) .
On Inertia
Many, like Einstein, find something fascinating about the idea that in inertia we feel the rest of the universe at work, and look to Mach's principle for the real origin of inertia. Does the W-E-M-Isenberg approach finish that business, of formulating the principle? Isenberg tells us that if we know the full spacetime metric near a point, we know all there is to know about inertial frames at that point. In Shimony's (1992) comparison, you enter Mach's Store looking on the shelves for various useful and fascinating gadgets, many of them somehow connected with inertia. But in the W-E-M store you find only a general do-it-yourself kit from which you might be able to build your own gadgets. How much more effort is required to build the gadgets we care about out of the W-E-M kit? Let us consider some of the "gadgets" that other authors in this volume might hope to find in Mach's store.
Prof. Pfister might care about the inertial frame dragging. Suppose we consider a point inside Pfister's shell. We know the metric there -it is flat. But this knowledge does not tell us all there is to know about the dragging as usually understood Cohen 1966, Lindblom and Brill 1974) . A true answer about inertia and inertial frames must involve specific frames or coordinates. The W-E-M principle, being a child of general relativity, tends to be hostile to picking out a particular frame -the really significant information is considered to be frame-independent. "Frame not included" is written on the packages in the W-E-M store; but is this not one of the things we expect to get from Mach, not to put into it?
Prof. Raine, whose own formulation of Mach's principle has been questioned concerning the distinction between matter and gravitational waves, might ask of the W-E-M principle whether there is really a crucial difference between the following two situations: an otherwise closed W-E-M universe containing either a black hole formed by collapse of matter, or an eternal Kruskal black hole, with an asymptotically flat region on the "other side" of the horizon. The former would be called W-E-Machian, and the latter would not, because its Σ 3 is not compact. But this distinction is not reasonable: since the difference can be extremely small between the physical regions on "this side" of the horizon, and since one cannot look behind a horizon, the Machian nature of a spacetime would be something that could never be ascertained by experiment. Perhaps the attribute Machian should apply to regions in spacetimes, for which it does not matter what happens behind horizons.
If we allow this extension of the W-E-M principle we can treat the following situation, which is more amusing than profound. Suppose Prof. Narlikar asked the question that has a definite answer in his formulation: what is the smallest number of masses in a W-EMachian S 3 universe that is free from other content such as gravitational waves? Suppose we take the absence of wave content to mean that the free data can be chosen to be trivial, and the presence of mass to mean that n asymptotically flat regions behind (apparent) horizons are allowed. Since asymptotically flat regions are conformally equivalent to taking points out of the S 3 , an appropriate choice for Isenberg's first set (Σ 3 , λ, σ) is (IR 3 less (n − 1) points, flat, 0). For n = 1 the only regular solution for the Lichnerowicz conformal factor φ is φ = constant, which is flat spacetime without horizon, hence without Machian region. For n = 2 the solution is φ = 1 + M 2r , with r = Euclidean distance in IR 3 from the removed point. This is just the single-mass Schwarzschild solution with one horizon, which does not bound a compact Machian region. So one mass is not enough. For n = 3 we have φ = 1 +
, which is asymptotically flat in three regions, at r 1 → ∞, at r 2 → ∞, and at (r 1 and r 2 ) → ∞. For small M 1 , M 2 there are only two horizons, not bounding a Machian region. But if M 1 and M 2 are chosen large enough (compared to their Euclidean distance), there can be another apparent horizon surrounding the two (Brill and Lindquist 1963) . A Machian region then exists between these three horizons. Thus three masses is the answer by this extended W-E-M principle, not unreasonable because three masses usually do define a frame. (Unfortunately in this particular construction they do not, because the solution is rotationally symmetric about an axis through the original M 1 , M 2 . In this sense the answer is not better than Narlikar's two-mass minimum.)
On Details
Examples such as the above suggest that the W-E-M principle leaves some room for further refinement. This appears particularly urgent in connection with the distinction between the "first" and "second" set of Cauchy data. The first set should contain variables that can be freely chosen; but in Isenberg's examples it consists of a T T tensor σ and transverse fields β and η. Because of such transversality requirements these fields are really not free, but themselves subject to constraints. Would it then not be simpler to choose as the first set any constraint-satisfying initial data, so that the second set is empty? If it is allowed to demand transversality of the first set, then why not constraint-satisfaction? Isenberg (1993b) suggests that the former condition is linear and does not essentially restrict free choice, whereas the latter condition is non-linear and implements the Machian determination of the inertial frames. This interpretation itself would of course constitute a (small) refinement of the W-E-M principle, a refinement motivated by a possible physical meaning of the splitting into first and second sets.
Refining the physical meaning of the decomposition of data into the first and second set seems a promising task. It could have interesting physical significance if a particular decomposition were demanded, not just the existence of some decomposition (one of possibly many). For example, in the Lichnerowicz-York decomposition, the vector W itself does not appear in the "Machian" constraints, only LW occurs. Perhaps this (or some other, even more Machian) decomposition can give an appropriate, general definition of the frame dragging by means of a vector like W (which may be related to the shift vector, a coordinate quantity of the type needed really to describe inertia).
It would seem unusual to find that a formulation, one of whose authors is Wheeler, could benefit from greater emphasis on physical meaning, but such are the conclusions to which we are led. Footnote *STINO, from stinknormal, name of new popular music phenomenon in Germany, celebrating traditional melodies and folk songs. Perhaps such labels can help us gain recognition in the lay public. (What attention the no-hair theorems might have received if they were identified with skinheads!)
